Background
Introduction
Although patients with newly diagnosed glioblastoma (GBM) who were treated with bevacizumab did not show increased survival in two recent studies [1, 2] , bevacizumab (BEV)-a humanized monoclonal antibody that inhibits vascular endothelial growth factor (VEGF)-has become an indispensable chemotherapeutic treatment for patients with recurrent glioma [3, 4] .
Once BEV is administered, the appearance of tumors on magnetic resonance imaging (MRI) changes dramatically, and the traditional evaluation of treatment response, which is based on the criteria developed by Macdonald et al [5] , is no longer sufficient. Recurrent highgrade gliomas treated with BEV sometimes simultaneously show regression of contrast enhancement and progression of T2/fluid-attenuated inversion recovery (FLAIR) hyperintensities [6] [7] [8] [9] . Thus, the recently published Response Assessment in Neuro-Oncology (RANO) criteria proposes that evaluation of treatment by anti-angiogenic agents should be based on both enhancing T1-weighted MRI sequences and non-enhancing T2-weighted / FLAIR sequences [10] . However, even though response would be assessed by RANO criteria, the relationship among changes in T1-weighted enhancing lesions, non-enhancing FLAIR progression, and overall survival, when patients are treated with anti-angiogenic agents, remains controversial [7, [11] [12] [13] .
Therefore, in addition to the conventional MRI, other objective methods have proven effective in evaluating patient response to BEV treatment [14] . Metabolic imaging using radiolabeled tracers on positron emission tomography (PET) allows for more accurate estimation of the size and extent of the metabolically active tumor. Therefore, it may overcome some of the disadvantages of MRI. Currently, in patients with recurrent high-grade gliomas, two amino acid PET tracers- 18 F-Fluoroethyl-L-tyrosine (FET) [15, 16] [17] -have been reported as the promising prognostic metabolic biomarkers in evaluating response to BEV treatment. These studies showed that tumor volume changes, defined as 18 F-FET or 18 F-FDOPA, could be strong predictors of the prognosis of patients who receive BEV treatment. However, these amino acid tracers may be insufficient for the early detection of bevacizumab-resistant gliomas, because as a result of the change in tracer uptakes, which were presented as standardized uptake values (SUVs), correlations between "responders" and "non-responders" could not be observed in every study.
In addition to amino acid tracers, hypoxic tracers have become notable PET tracers for evaluating tumor characteristics in several cancers, including gliomas, owing to the fact that hypoxia is a key metabolic factor known to affect treatment outcome. 18 F-fluoromisonidazole (FMISO) is a representative hypoxia PET tracer [18] , and several studies reported the usefulness of FMISO PET specifically in gliomas, concerning differential diagnosis [19] , assessment of regional biological aggressiveness [20, 21] , and prediction of prognosis [22, 23] . However, except a single case report [24] , no previous investigation has studied the association between FMISO PET findings and BEV treatment for high-grade gliomas.
Several studies have sought to elucidate the mechanisms of various anti-angiogenic agents, one of which induces intratumoral oxygenation through normalization of tumor vasculature [25] . In one study, Valable et al showed that 18 F-FMISO PET in C6 rat glioma models could effectively assess the response of anti-angiogenic treatment with sunitinib [26] . Their study indicated that FMISO can detect changes under the hypoxic condition caused by anti-angiogenic treatment. If it is true, FMISO can potentially become a tool to determine the effect of treatment. However, paradoxically, Hu et al recently showed that increasing tumor hypoxia during anti-angiogenic therapy is a novel resistance mechanism, because hypoxia-induced autophagy promotes tumor cell survival [27] .
Based on these studies, we reviewed the FMISO PET appearance of tumors in patients with recurrent high-grade glioma who were treated with BEV. We found that, in each case, changes in FMISO accumulation intensity and volume after 3-4 courses of BEV were significant. We found that FMISO measurement of the hypoxic response was a strong predictor of patient prognosis and that the extent of hypoxia before BEV treatment correlated with patient prognosis. These results led us to suggest that FMISO PET may be an effective tool for the early detection of anti-angiogenic therapy-resistant high-grade gliomas. If so, its use may prevent the unnecessary administration of BEV or indicate the necessity for other treatment options at an earlier stage.
Materials and Methods Patients
This retrospective study was approved by the local ethics committee at Hokkaido University Hospital, Sapporo, Japan. Written informed consent was obtained from each patient. We reviewed the medical records of 27 patients with recurrent supratentorial gliomas who were treated with BEV and had accompanying MRI and FMISO PET scans. We excluded patients who underwent surgical resection of recurrent lesions before the administration of BEV. We also excluded patients who had not received conventional radiotherapy and first-line chemotherapy with temozolomide (TMZ) for primary glioma, as well as patients who underwent additional radiotherapy and received BEV simultaneously for recurrent lesions, because FMISO accumulation to the tumor is strongly decreased by radiotherapy, as we reported previously [28] .
Eighteen patients met our inclusion criteria. Initial histological diagnosis revealed twelve GBMs, five anaplastic astrocytomas, and one diffuse astrocytoma. Prior to recurrence, all patients had received radiotherapy and TMZ as first-line chemotherapy, according to the Stupp regimen [29] . Before the administration of BEV, all recurrent lesions were clearly detected and measurable by contrast-enhanced MRI.
Treatment and evaluation of treatment response
Patients were treated with BEV (10mg/kg) every two weeks. Three patients received BEV alone; the remaining 15 patients received BEV as an add-on chemotherapy agent with TMZ. BEV treatment was continued as long as the patient was treated, regardless of treatment response.
To evaluate treatment response, patients underwent MRI and FMISO PET after 3-4 courses of BEV. Thereafter, serial MRI examinations were performed depending on the patient's condition. We assessed prognostic outcome using overall survival (OS) from the first day of BEV administration.
MRI Assessment. To assess the effects of therapy, patients underwent MRI before and during BEV treatment. Standard anatomical MRI sequences included T1-weighted images with and without gadolinium contrast enhancement, T2-weighted images, and FLAIR images. All images were obtained in the axial plane with a 5 mm slice thickness and a 1.5 mm interslice distance.
Early radiological responses after 3-4 courses of BEV were evaluated by MRI appearance, based on RANO criteria [10] . Progressive disease was defined as a more than 25% increase in enhancing lesions or a significant increase in T2/FLAIR non-enhancing lesions compared with baseline scan.
In comparison with FMISO appearance of treatment response, the volumes of contrast enhancement on T1-weighted image MRI were calculated by planimetry methods before BEV administration and after 3-4 courses of BEV. The development of T2/FLAIR lesions was evaluated in semi-quantitative fashion as decreased, stable, and increased fashion.
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F-FMISO PET protocol and assessment. Patients were not asked to fast prior to FMISO PET scanning. Static PET scanning began 4 hours after 400 MBq of FMISO was intravenously injected, as we reported previously [19] . In this study, we used a Biograph 64 PET-CT scanner (Asahi-Siemens Medical Technologies Ltd., Tokyo, Japan) and a Gemini TF64 TOF-PET/CT scanner (Hitachi Medical Corporation Ltd, Tokyo, Japan). Both scanners were operated in the three-dimensional mode. Computed tomography (CT) scanning for attenuation correction was followed by a 10-minute emission acquisition. Attenuation-corrected radioactivity images were reconstructed using a filtered back-projection (FBP) based method with a Hann filter of 4 mm full-width at half-maximum.
The intensity of FMISO accumulation was assessed by a semi-quantitative procedure. The standardized uptake values (SUVs) were calculated as [tissue radioactivity (Bq/mL)] × [body weight (g)] / [injected radioactivity (Bq)]. In this study, the SUV of the cerebellar cortex was adopted as a normal reference, as previously demonstrated [30] . Circular regions of interests (ROIs) 10 mm in diameter were created on both sides of the cerebellar cortex (5 ROIs per hemisphere) under MRI reference. The average values within the ROIs were used as the normal reference SUV. A circular ROI 10 mm in diameter for lesions was manually located to enclose the area of the highest uptake in the lesion to obtain the maximum SUV (SUVmax). Then, Tumor-to-Normal (T/N) ratio was calculated by dividing the SUVmax of the tumor by the mean SUV of the normal cerebellar cortex.
In addition, FMISO accumulation volume was measured using a software package (Metavol) that we developed previously to conduct volume-based analyses of PET images [31] . The FMISO accumulation volume was automatically contoured using a threshold of 1.3-fold cerebellar mean SUV [19] . If the automatically-generated volume contained normal brain area, the non-tumoral area was carefully removed by the operator, who referred to the co-registered MRI using a function implemented in Metavol. An experienced nuclear medicine physician confirmed the final FMISO accumulation volume, defined as hypoxic volume.
FMISO response by BEV administration was assessed by both visual inspection and semiquantitative values. In visual inspection, two nuclear medicine physicians (T.T. and K.H.), who were blinded to the clinical situation of patients treated by BEV, interpreted the FMISO PET response. Their evaluations were classified into three categories according to FMISO accumulation volume before BEV administration and after 3-4 courses BEV: decreased, stable, and increased. Simultaneously, changes of the FMISO T/N ratio and hypoxic volume were calculated as semi-quantitative values. Patients were classified as FMISO responders if FMISO accumulation was visually decreased, and the FMISO T/N ratio decreased with a more than 25% decrease in the hypoxic volume after the administration of BEV.
Statistical analysis
R statistical software, version 3.0.3, was used to conduct all statistical analyses and create graphical images. Continuous variable data were expressed as median values, and the MannWhitney U-test was used to compare the median values of the two groups. To determine the correlation between two volumetric values, rho(r) and P-values were calculated using Spearman's rank correlation coefficient; the scatterplot was presented with least-squares linear regression. Estimated survival curves were shown by the Kaplan-Meier method, and log-rank tests were used for comparison. To analyze the association of predictive pre-treatment factors of BEV treatment with overall survival, univariate analysis and multivariate analysis were carried out using the Cox proportional hazard model. The analyzed characteristics included age at recurrence, primary diagnosis (GBM or non-GBM), Karnofsky performance status (KPS) at BEV administration (30-60% or more than 70%), duration between onset to recurrence, recurrence pattern (local recurrence or distal recurrence), combination with TMZ, contrastedenhancement volume at MRI, FMISO T/N ratio, and FMISO hypoxic volume. The proportional hazard assumption was tested for each model. In multivariate analysis, the factors for which the P-value was below 0.1 in univariate analysis were selected.
P-values less than 0.05 were considered statistically significant.
Results

F-FMISO PET appearances of recurrent gliomas
All recurrence regions before the administration of BEV, which were defined at baseline examination, were clearly detected as FMISO accumulating lesions regardless of histological malignancy on primary diagnosis, as shown in Table 1 . The median SUVmax and T/N ratio of FMISO of recurrent tumors were 3.6 (range, 2.4-6.4) and 2.8 (range, 1.9-4.3), respectively. No statistically significant differences in SUVmax and T/N ratio were observed with regard to initial histological diagnosis. The median SUVmax and T/N ratio of the recurrent tumor were 3.4 and 2.5, respectively, in the patients with initial GBM, whereas that of the recurrent tumor were 4.3 and 3.1, respectively, in the patients with initial non-GBM. The median FMISO hypoxic volume was 16.4 mL (range: 0.8-38.3 mL). In every case, FMISO accumulating regions closely resembled contrast enhancement regions on MRI. The tumor volume, which was calculated by contrast enhancement, strongly correlated with the hypoxic volume (r = 0.89, p < 0.001, Fig 1A) .
Therapeutic effects of BEV assessed by MRI and FMISO PET
Based on MRI RANO criteria, 14 out of 18 (78%) patients demonstrated partial response after 3-4 courses of BEV treatment, while 4 patients (22%) did not show any therapeutic response (Table 1) . In these 4 patients, defined as "non-responders", FMISO T/N ratio and hypoxic volume also increased. Percentage change of the T/N ratio ranged from 109% to 201% (median 134%) and that of hypoxic volume ranged from 236% to 703% (median 255%). On the other hand, 14 "MRI-responder" patients had variable FMISO accumulation responses. Of these 14 patients, 9 were also FMISO responders. We named them as "MRI-FMISO double responders". The other 5 patients were FMISO non-responders and we named them as "MRI-only responders". Percentage change of the T/N ratio and hypoxic volume of MRI-FMISO double responders ranged from 58.4% to 79.1% (median 75.1%) and from 0% to 57.8% (median 24.5%), respectively, whereas percentage change of the T/N ratio and hypoxic volume of MRIonly responders ranged from 73.1% to 130% (median 107%) and from 87.4% to 325%, respectively (Fig 2) . Ultimately, according to changes on MRI and FMISO PET appearance, we divided the patients into three groups: MRI-FMISO double responders (n = 9), MRI-only responders (n = 5), and non-responders (n = 4).
The correlation between FMISO hypoxic volume and contrast-enhanced tumor volume based on gadolinium T1-weighted MRI was quite intriguing. The scatterplot is shown in Fig 3. Although the significant correlation between these two volumetric values (r = 0.62, P = 0.007) was still observed, as with before BEV treatment, we found some trends according to therapeutic response groups. Notably, in the MRI-only responder group, hypoxic volumes were relatively higher than contrast-enhanced tumor volumes (triangle in Fig 3) .
Additionally, we investigated whether pre-treatment tumor volume had an impact on BEV's therapeutic effect. We observed no significant differences in contrast-enhanced pretreatment tumor volume between responders and non-responders on MRI evaluation and FMISO evaluation. The median tumor volume of MRI responders was 27.8 mL and that of MRI non-responders was 15.4 mL. The median tumor volume of FMISO responders was 16.0 mL and that of FMISO non-responders was 20.8 mL. There was no volumetric difference among the two groups at baseline (P = 0.19 in MRI assessment, P = 0.55 in FMISO assessment), indicating that the tumor size prior to treatment did not affect the treatment response by BEV. Representative images are shown (Figs 4 and 5) . Prognostic prediction by FMISO PET FMISO responders had significantly longer OS than that of FMISO non-responders (P <0.001) (Fig 6A) . The median OS of FMISO responders was 12.4 months, whereas that of FMISO nonresponders was 5.7 months. On the other hand, when BEV response was classified based on MRI evaluations, we did not observe a significant difference in OS between responders and non-responders (P = 0.12) (Fig 6B) . In addition, of the three groups (MRI-FMISO double responders, MRI-only responders, and non-responders), the prognosis of MRI-FMISO double responders was much better than that of the other two groups. Moreover, the OS of MRI-only responders (median OS, 5.7 months) closely resembled that of non-responders (median OS, 4.8 months) (P = 0.58, Fig 6C) . We further investigated a pre-treatment parameter which is predictive of overall survival by Cox proportional hazard models (Table 2) . Among each factor, the duration from onset to recurrence and FMISO T/N ratio before BEV were significant predictors in univariate analysis. In addition, multivariate analysis showed that poor KPS at BEV treatment and high FMISO T/ N ratios were significant poor prognostic factors. Interestingly, contrast enhanced-tumor volume and FMISO hypoxic volume were not correlated with patient's prognosis with BEV treatment.
Discussions
In this study, we found that FMISO PET imaging can be used for early detection of true responders to BEV treatment. Previously, 18 F-FET [15, 16] and 18 F-FDOPA [17] were reported to be promising prognostic metabolic biomarkers in predicting the response of patients with recurrent high-grade glioma to BEV treatment. These amino acid tracers are not dependent upon blood-brain barrier (BBB) disruption and they can detect the extent of the active tumor [32, 33] . Since the normalization of tumor vasculature can be induced by BEV treatment [25] , these tracers may theoretically delineate the tumor infiltrative area after BEV treatment regardless of contrast enhancement of the tumor. These previous studies demonstrated that tumor metabolic volume changes could be strong predictors of prognosis for patients who received BEV treatment. However, both 18 F-FET and 18 F-FDOPA failed to show a correlation between tracer uptake (SUV) changes and prognosis [15] [16] [17] . In addition, although volumetric changes in these studies were significant between metabolic responders and non-responders, tracer uptake volumes also decreased in non-responders, and appropriate cut-off values had to be determined for each study.
Compared to these amino acid tracers, the FMISO PET changes were more comprehensible. By showing decreased FMISO accumulation tumor values and volumes in FMISO responders, FMISO PET could predict a good response to treatment with BEV. On the other hand, tumors from FMISO non-responders showed increased FMISO hypoxic volumes and poorer prognoses. Therefore, by analyzing changes in FMISO accumulation, clinicians could easily determine whether BEV is likely to be effective for each tumor or not. Our results strongly suggest that, for the treatment of glioma with BEV, FMISO PET may be a superior predictive examination tool, compared to other tracers. In this study, we also investigated the correlation between FMISO hypoxic volume and contrast-enhanced tumor volume based on MRI. As expected, before BEV treatment, the hypoxic volume was almost equal to the contrast-enhanced tumor volume (Fig 1A; r = 0.89) . On the other hand, we observed some interesting discrepancies after BEV treatment between hypoxic volume and contrast-enhanced tumor volume (Fig 1B) . In particular, in the MRI-only responder group, hypoxic volumes were higher than contrast-enhanced volumes. Importantly, MR responders in this series experienced not only decreased contrast-enhancement but also decreased or stable T2/FLAIR high-intensity lesions after 3-4 courses of BEV. We observed no survival difference between non-responders and MRI-only responders. Therefore, after BEV treatment, clinicians can more precisely evaluate tumor activity by analyzing FMISO accumulation compared with the analysis of the appearance of tumors on MRI. Furthermore, it is important that, after BEV administration, the evaluation of this volumetric discrepancy between contrast-enhanced MRI and FMISO PET may also be predictive of prognosis when a baseline examination is not available. Bevacizumab inhibits VEGF and can induce normalization of tumor vasculature and decrease blood vessel diameter and permeability, leading to increased perfusion and oxygenation [25, 34] . This can occur because VEGF is a principal mediator of angiogenesis and serves to recruit and induce proliferation of vascular endothelial cells [35] . Therefore, by measuring the hypoxic conditions, one should be able to reliably evaluate the effects of BEV treatment [26, 36] . FMISO accumulates in hypoxic, yet still viable, cells [37] . FMISO accumulation occurs when the partial O 2 is less than 10-20 mmHg [20, 38] and substantial retention of FMISO occurs when it is less than 3 mmHg [39] . Since the intensity of FMISO accumulation depends . Gadolinium-enhanced T1-weigted images (left panels), FLAIR images (middle panels), and FMISO PET images (right panels) are shown, and upper panels show the case before BEV treatment and lower panels show the case three courses after BEV administration. After BEV treatment, contrast-enhanced lesion and FLAIR hyperintensity lesion were significantly decreased, whereas FMISO accumulation was increased in both T/N ratio (from 3.70 to 4.81) and volume (from 33.5 mL to 38.5 mL).
doi:10.1371/journal.pone.0167917.g004 on the degree of tissue hypoxia [39] , decreasing FMISO accumulation should indicate the efficacy of BEV for the treatment of recurrent glioma. In addition, single-arm phase II trials demonstrated that increase in tumor blood perfusion in patients with GBM treated with cediranib, which is another anti-VEFF agents, was associated with the improvement prognosis [40, 41] . These studies showed that the positive correlation between the increase tumor blood perfusion and improvement tumor oxygenation. The GBM patients whose tumor blood perfusion and oxygenation increased during treatment with cediranib survived longer than those without such an increase. Unfortunately, we did not investigate the tumor blood perfusion in the current study. We consider that future studies should need the evaluation of the association between tumor blood perfusion and hypoxic condition detected by FMSIO PET in the patients with GBM treated by BEV, for the proper selection of the patients who are likely to optimally benefit from BEV therapy.
Our study was able to identify gliomas with retention of hypoxia after BEV treatment regardless of MRI appearance. These "FMISO non-responders" would become refractory to BEV treatment in short term. In a recent study, Hu et al showed that BEV-resistant tumors exhibited increased hypoxic markers, such as hypoxic inducible factor 1α (HIF-1α), carbonic anhydrase 9 (CA9), and their downstream target gene BNIP3, compared with before BEV treatment. They advocated that increased tumor hypoxia during anti-angiogenic therapy induces tumor cell autophagy as a cytoprotective adaptive response, thereby promoting treatment resistance [27] . The result of their basic investigation strongly supports our clinical results. Since FMISO can detect intratumoral hypoxic conditions regardless of tumor vascularity, our results suggest that, compared to other amino acid tracers, FMISO accumulation is a more sensitive detector for BEV-resistant tumors.
In addition, among pre-treatment parameters, the FMISO T/N ratio is a strong significant predictor of overall survival after BEV treatment by multivariate analysis. As described above, the intensity of FMISO accumulation is proportional to the level of hypoxia [39] . Although hypoxic tumor cells are known to affect resistance to chemotherapy [42] , there has been no previous investigation into whether the extent of hypoxia would influence the effect of antiangiogenic treatments, such as BEV. According to our result, the outcome of BEV treatment is not related to hypoxic volume but hypoxic intensity, indicating that the extent of hypoxia might be a potentially important factor for drug resistance to BEV in recurrent malignant gliomas.
Conclusions
Despite the small study population and the study's retrospective nature, we demonstrated that, by analyzing changes in the appearance of tumors, FMISO PET can be a strong and useful predictive tool for assessing response to BEV treatment in patients with recurrent high-grade gliomas. Increasing FMISO accumulation intensities and volumes after 3-4 courses of BEV might indicate a BEV-resistant tumor. Subsequent validation studies and clinical trials are needed to further evaluate the diagnostic potential of FMISO PET in the treatment of glioma with BEV.
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